Abstract: Modified wood can provide protection against a range of wood deteriorating organisms. Several hypotheses have been put forward regarding the protection mechanisms against wood decaying fungi including fungal enzyme inefficiency due to non-recognition, lower micropore size, and insufficient wood moisture content. The aim of this study was to obtain new insight into the protection manner of furfuryl alcohol (FA) modified Scots pine sapwood (W FA ), and to examine biochemical mechanisms and adaptive changes in gene expression utilised by Postia placenta during early colonisation of W FA . Samples were harvested after 2, 4, and 8 weeks of incubation. After 8 weeks, the mass loss (0.1%) and wood moisture content (21.0%) was lower inW FA , than in non-modified Scots pine sapwood samples (W), 26.1% and 46.1%, respectively. Microscopy revealed needle-shaped calcium oxalate crystals, at all harvesting points, most prominently present after 4 and 8 weeks, and only in the W FA samples. Among the findings based on gene profiles were indications of a possible shift toward increased expression, or at least no down regulation, of genes related to oxidative metabolism and concomitant reduction of several genes related to the breakdown of polysaccharides in W FA compared to W.
Introduction
Wood modification involves the action of a chemical, biological or physical agent upon the material, resulting in a desired property enhancement of the material (Hill 2006 ). The modified wood should itself be non-toxic under service conditions and there should be no release of any toxic substances at the end of service life. Modified wood can provide protection against wood deteriorating organisms, including decay fungi (e.g. Hill 2006 Hill , 2009 Lande 2008; Lande et al. 2008; Esteves and Pereira 2009; Rowell et al. 2009a,b; Papadopoulos 2010; Verma and Mai 2010) . The science and technology of the different wood modification processes has been comprehensively described (Hill 2006 (Hill , 2011 .
Fungal action in wood treated with traditional broadspectrum chemical preservatives is assumed to be different than in modified wood due to the toxic vs. non-toxic nature of the wood protection systems. An understanding of the mechanisms utilised by decay fungi to attempt to degrade modified wood is important for further optimisation of future modified wood products and for an expanded understanding of fungal decay in general. Ringman et al. (2014a) summarised in detail the hypothesis that have been put forward regarding the mode of action of modified wood and decay fungi. Briefly, the proposed mode of action principles include: (1) unavailability of easily accessible nutrients (Boonstra et al. 2007; Rowell et al. 2009a ), (2) enzyme non-recognition (Rowell 2005) , (3) micropore blocking (Hill et al. 2005) , (4) moisture exclusion due to OH-group blocking/reduction (Rowell et al. 2009a ) and/or reduction in void volume (Boonstra and Tjeerdsma 2006; Hill 2009 ).
The wood modification process called furfurylation involves an impregnation step with furfuryl alcohol (FA) and a curing step to polymerise FA. FA is often obtained from agricultural waste such as sugar cane, corn cobs, sunflower or birch chips (Maciel et al. 1982; Chuang et al. 1984; González et al. 1992 González et al. , 2002 Lande et al. 2008 ). According to Lande et al. (2004) , furfurylation of wood provides protection against bio-degradation (fungi, bacteria and marine borers) without reliance on biocidal treatments.
A review of the degradation of cellulose by basidiomycetous fungi is provided by Baldrian and Valaskova (2008) , and brown-rot decay mechanisms are more currently reviewed by Arantes et al. (2012) and Arantes and Goodell (2014) . Brown-rot fungi have also a nonenzymatic system as a tool: the chelator-mediated Fenton system, that rapidly depolymerises the polysaccharides and lignin in early stages of biodegradation (Goodell et al. 1997a; Arantes et al. 2011; Eastwood et al. 2011) .
As a part of their normal metabolism, fungi are known to secrete substantial quantities of organic acids. Oxalic acid (OA) may accumulate as oxalate (OX) salt crystals on the outside of basidiomycota hyphae. OX is an effective chelator of cations including Fe, and it has important implications regarding both weathering of soil and the decomposition of wood (Eriksson et al. 1990 ). Regarding the latter, OA is assumed to play an important role in incipient stage of brown-rot decay, both as an iron chelator and as a phase transfer agent (Arantes and Goodell 2014) .
Postia placenta is a common fungus in laboratory wood decay tests, e.g. the European standard EN 113 (CEN 1996a) and the American E10 (AWPA 2001). Martinez et al. (2009) have examined the P. placenta genome, transcriptome, and secretome revealing its extracellular enzyme systems. This included an unusual repertoire of extracellular glycosidases and the authors identified a large number of gene models supporting the activity of Fenton chemistry. Among the glycosyl hydrolases there are members of the glucose-methanol-choline oxidoreductase family (GMC oxidoreductase) with substantial similarity to known alcohol oxidases, aryl-alcohol oxidases, and glucose oxidases. Another gene potentially involved in Fe 2+ production encodes a putative quinone reductase, which also would potentially be involved in the reduction of iron binding catecholates after oxidation to the quinone state in the redox cycling required in chelator-mediated Fenton reactions (Goodell 2003; Arantes et al. 2011) . However, many of the fungal quinone reductases are membrane bound or intracellular, and therefore, there may be significant spatial issues that need to be considered. The P. placenta genome featured 236 P450 genes (Martinez et al. 2009 ). The P450s have various roles in the secondary metabolism. They are believed to be involved in the biodegradation of various xenobiotic compounds and lignin breakdown products. Extracellular accumulation of OX produced by P. placenta will: affect ferric iron availability, have a pH effect on a wide range of enzymes and also the phase transfer of iron from OX to catecholate/ phenolate chelators. The later will sequester iron from OX at a pH generally above 4.2, and reduce iron to the ferrous form once the chelatediron complex is within the wood cell wall. Hydroxyl radical formation occurs in that location rather than near the fungal hyphae, which prevents damage to the fungus by this potent radical species (Goodell et al. 2007; Arantes et al. 2012) . Brown-rot fungi do not metabolise lignin, but they depolymerise and modify lignin extensively and the products remain in situ as a polymeric residue (Niemenmaa et al. 2007; Yelle et al. 2008) . Martinez et al. (2009) did not find genes encoding exocellobiohydrolases and cellulose-binding domains P. placenta, but they did find an atypical brown-rot feature, i.e. that the P. placenta genome encodes two putative laccases.
In order to better understand the mechanisms of genes involved in the attack of wood cell walls, Vanden Wymelenberg et al. (2010) performed secretome and transcriptome analyses. As a carbon source they used ball-milled aspen or glucose. A range of hemicellulases but few potential cellulases were found to be produced by P. placenta and the expression patterns for oxidoreductaseencoding P. placenta genes were found to be consistent with an extracellular Fenton system. The white rot fungi Phanerochaete chrysosporium were found to produce a range of extracellular glycosyl hydrolases. Vanden Wymelenberg et al. (2011) examined gene expression of the same two fungi colonising aspen and pine. They concluded that the gene expressions of both fungi were influenced by the wood species and that the carbon source adaptions could reflect differences in decay mechanisms. Tang et al. (2013) studied gene expression of the copper tolerant brown-rot wood decay fungus Fibroporia radiculosa at two time points. Southern yellow pine was treated with micronized copper quaternary compound (MCQ). When MCQ was protecting the wood, 58 genes were more highly expressed that had "putative functions related to oxalate production/degradation, laccase activity, quinone biosynthesis, pectin degradation, ATP production, cytochrome P450 activity, signal transduction, and transcriptional regulation". The authors identified several genes that seemed to be co-regulated, potentially linked to copper tolerance and/or wood decay. Kang et al. (2009) studied gene expression of selected decay enzymes (lignin peroxidase, manganese peroxidase and laccase) produced during biodeterioration of three wood types [pine, cedar, and alkaline copper quaternary (ACQ) treated pine] by the white rot fungus Phlebia radiata. They found that compared to pine and ACQ-treated pine the cedar reduced the microbial colonisation and its activities. Large amounts of laccase were produced by the fungus in ACQ treated wood but it was not able to cause any strength loss. Hence, it was concluded that the ACQ treatment was able to inhibit the effectiveness of the enzymes in some manner and that different resistant woods effected microbial colonisation and enzyme activity differently during decay. Hietala et al. (2014) found that the suppressive effect of suboptimal temperature on P. placenta decay appeared more pronounced in Scots pine heartwood with increased durability compared to Scots pine heartwood with low decay resistance. This was particularly pronounced for cultures incubated at 30°C. Unlike sapwood, heartwood showed no mass loss, poor substrate colonisation and marker gene transcript level profiles indicating a starvation situation.
Molecular studies on the fungal decay of modified wood are so far rather rare. Pilgård et al. (2010) investigated fungal colonisation in various modified Pinus sylvestris sapwood by quantifying the fungal DNA of the white-rot fungus Trametes versicolor during 8 weeks of incubation. For all wood modifications, including furfurylated wood (W FA ), the maximum fungal biomass level was recorded after 2 weeks incubation. Pilgård et al. (2011) compared field stakes, including furfurylated P. sylvestris sapwood, after 6 years exposure in ground contact. They concluded that quantitative real-time PCR (qRT-PCR) in combination with microscopy provided relevant data about basidiomycete colonisation in wooden material and that qRT-PCR was a more sensitive tool than ergosterol and chitin analysis. Ringman et al. (2014b) found that the P. placenta genes presumed to be involved in oxidative depolymerisation (quinone reductase and alcohol oxidase) were expressed at higher levels in acetylated, DMDHEU-treated and thermally modified wood than in untreated wood. Although these enzymes are also suggested to be involved in other fungal metabolic activities (e.g. microbial detoxification reactions), it is intriguing that they were upregulated in the treated woods. For the genes investigated in enzymatic depolymerisation (endoglucanase and β-glucosidase), the levels of expression in modified woods were equal to or lower than those in untreated wood.
The referenced studies provided information that enhance our understanding of fungal biodegradation mechanisms. Expression of genes to produce enzymes and metabolites, not typically present during decay of untreated wood, might be activated in an attempt to adapt to growth in a stressed environment such as when faced with the challenge of obtaining nutrition and metabolising e.g. modified wood.
The aim of the present study was to obtain new insight into the manner of protection provided by the furfurylation of Scots pine and to reveal if there is a change in the biochemical mechanisms and gene expression by P. placenta during early colonisation of W FA (2, 4, and 8 weeks). In particular this study focused on mass loss (ML) and wood moisture content (MC) in relation to: (1) gene expression as measured by qRT-PCR, (2) establishment of fungal colonisation profiles as observed by SEM, and X-ray microanalysis (EDXμA), and (3) chemical analyses of furfuryl alcohol and oxalate content in the wood.
Materials and methods
Wood samples and fungal inoculations: Mini-block samples, 5 × 10 × 30 mm 3 (Bravery 1979) , were prepared from Scots pine (P. sylvestris L.) sapwood. The furfurylation process was performed on pre-cut mini-block samples with a 40% FA (Merck, Darmstadt, Germany) concentration on preconditioned samples (65% RH at 21°C until stable weight correspondig to 12% MC). The mean weight percent gain (WPG) in the FA samples (W FA ) was 14%. This is a lower level than typical commercial treatments and below the WPG 25 threshold indicated by Venås (2008) . Low FA WPG was preferred to provide detectable decay within 8 weeks of exposure in order to provide comparison with the untreated wood (W) samples before these were too severely decayed. The authors are aware of that this comparison should be done cautiously. All samples were leached according to EN 84 (CEN 1996b) . The samples were thereafter conditioned at 65% RH at 21°C for until stable weight was achieved. The samples were wrapped in sealed plastic bags before sterilisation by gamma irradiation of 25 kGY at the Norwegian Institute for Energy Technology.
Agar plates (TC Dish 100, standard, Sarstedt AG & Co., Nümbrecht, Germany) (Ø = 87 mm, h = 20 mm) containing 25 ml 4% (w/v) malt agar were inoculated with P. placenta (Fr.) M.J. Larsen & Lombard, strain FPRL 280. A plastic mesh was used to avoid direct contact between the samples and the medium. Two samples with the same treatment were incubated together in each Petri dish. The incubation time was 2, 4, and 8 weeks at 22°C and 70% RH with 12 samples ( = six Petri dishes) prepared for each treatment at each harvesting point. After incubation, fungal mycelium was manually removed from the wood surface with Delicate Task Wipes (Kintech Science, UK); the samples were wrapped in aluminium foil and put directly into a container with liquid nitrogen. The samples were then stored at -80°C. Wood powder from frozen samples was obtained: the first 0.5 cm of the sample was removed (with an ethanol wiped saw), and then sawdust was produced by a sterile drill (Einhell SB 401/1, Landau/Isar, Germany) from the interior of the sample. Fine wood powder was produced in a Retsch 300 mill (Retsch GmbH, Haan, Germany). The wood samples, the 100-mg stainless steel beads (QIAGEN, Hilden, Germany) and the containers were chilled with liquid nitrogen before grinding at maximum speed for 1.5 min. Six biological replicates (one form each of the 6 Petri dishes) served for gene expression, four replicates (from four separate Petri dishes) for mass loss (ML) calculation and two for microscopy (from two separate Petri dishes). The oxalate (OX) and furfuryl contents were determined on the spare material from the gene expression replicates.
SEM and EDXμA: From the mini-blocks 10 mm long sub sections were prepared (with an ethanol wiped saw), and stored at -80°C until further processing. One block at the end and one in the middle of the mini-block sample were chosen for microscopy. Before examination, the samples were air dried for 12 h at room temperature (r.t.), a thin slice removed (with a razor blade) from the exterior radial surface, and wood material interior to that slice surface smoothed with a steel knife on a cryo-microtome (Microm HM 560 MV, Microm International GmbH, Walldorf, Germany). A radial orientation permitted sectioning of the sometimes brittle wood and provided a smooth surface with less damage, as well as permitted evaluation of the colonisation status of wood material when viewed at lower magnification. For conventional SEM, the wood blocks were mounted on aluminium stubs (Senk Nagle 6x12 DIN 661 ALU, Tingstad as, Ålesund, Norway), sputter coated (Polaron Sputter Coater 7640, Quorum Technologies Ltd., East Sussex, UK) twice with gold-palladium, and viewed with a Zeiss EVO-50-EP SEM (Carl Zeiss SMT Ltd, Cambridge, UK).
For EDXμA of elements, the wood blocks were mounted by a carbon double-faced sticky tape (Pelco Tabs, 12 mm, OD, Ted Pella Inc., Redding, CA, USA) on aluminium stubs, air dried, and carbon coated (JEOL JEE-4X Vacuum Evaporator, JEOL, Peabody, MA, USA). Acquisition of digital images, in both secondary electron and backscatter mode, was performed via a 4Q-BSD (Four Quadrant Backscattered Detector type 603, K.E. Development Ltd, Cambridge, UK) and Link ISIS 300 X-ray analytical system (Oxford Instruments, Abingdon, UK).
Analysis of furfuryl (FA) content: Thermogravimetric analysis -TGA (PerkinElmer Thermogravimetric Analyzer, Pyris: (1) TGA, Pyris software 7.0-PerkinElmer, Wattham, MA, USA) was used for quantification of polymerised FA in the wood. van Riel et al. (2007) described a quality control system for W FA by TGA. However, the method was modified here. The analysis started out with air 45 ml min -1 . When heating from 300°C to 600°C the air was changed to oxygen 45 ml min , (7) constant at 600°C for 6 min. Similar to the analysis of van Riel et al. (2007) , the improved model used a PLS regression model and was based on an initial set of 60 samples with a known variation in the FA content. The model was tested on a validation data set. The precision of the method turned out to fairly high, with a StD of 0.16 for the lowest level (WPG 18.8), 0.24 for the medium treatment level (WPG 27.2) and 0.25 for the highest level (WPG 42.9%). In the current study, both W FA drill powder and W FA fine powder were analysed by TGA, and the WPG was determined.
Analysis of OX:
Wood material from the inoculation experiment was subjected to OX analysis according to Schilling and Jellison (2004) . The samples were heated overnight at 105°C and the weight losses (WLs) were measured for the determination of the MC. Soluble and total OX analysis was performed on 50-100 mg samples of the ground material by extraction with either 1.5 ml distilled water or 1 M HCl (Sigma-Aldrich, St. Louis, MO, USA), respectively, as described by Rahman et al. (2007) . The suspension was heated to 100°C in a heating block for 18 min. After cooling, the solution was centrifuged and filtered into new vials. In addition, the HCl-soluble OX was buffered with phosphate (Merk, Darmstadt, Germany) (0.111 M). Instrument: Agilent HPLC (Aligent Technologies, Santa Clara, CA, USA) with Diode Array Detector monitored at λ = 210, with an Aminex HPX-87H column (Bio-Rad Laboratories, Richmond, CA, USA) 9 μm pore size, 300 × 7.8 mm I.D. column with a pH 1-3 sulfuric acid (Merk, Darmstadt, Germany) (20 mM, pH 1.40) mobile phase. The flow rate was 0.6 ml min -1 with a sample injection volume of 20 μl. The OX is well resolved from other components in the extracts, and accurate quantification of OX concentrations is possible in the range of 0.005-2 mM.
The pH was measured in W and W FA exposed for 8 weeks of P. placenta decay with a PHM220 Lab pH meter and pHc 2401-8 combined pH electrode (Red rod) (Radiometer Analytical SAS, Villeurbanne Cedex, France).
Gene expression: The target genes and the endogenous controls in this study are listed in Table 1 . The qRT-PCR gene specific primers used to determine the transcript levels were designed with Primer 3 software (Rozen and Skaletsky 2000) following the criteria: melting temperature 60°C and product size inferior to 120 bp. The target specificity of each primer set was examined by melting point analysis. Only primer pairs that gave a single melting peak and PCR product were applied. The RNA samples were DNAse treated with DNA-Free (Ambion ® , Life Technologies, Foster City, CA, USA) prior to cDNA synthesis to avoid any amplification of genomic DNA. To control for a possible change in the target genes, three endogenous controls representing constitutively expressed housekeeping genes were used.
RNA was extracted from 100 mg aliquots of the pulverised wood samples by means of a Ribopure kit (Ambion ® , Life Technologies, Foster City, CA, USA Table 1 .
Real-time PCR (7500 Real Time PCR System, Applied Biosystems, Foster City, CA, USA) was performed on cDNA samples with 12.5 μl of 1× TacMan ® SYBR ® green mix (Applied Biosystems, Foster City, CA, USA) and 250 nM of each primer. The following qRT-PCR cycling parameters were used in the Absolute quantification mode: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of melting at 95°C for 15 s and annealing and replication at 60°C for 1 min, ending with a terminal melting curve determining step, where the temperature was increased linearly from 55 to 95°C for each PCR amplicon. A notemplate control was run for each primer pair in each run to ensure that the primers did not form primer dimers or other PCR artefacts. All procedures above were performed according to the protocol provided by the manufacturers. All gene expressions (transcript levels) were calculated by means of the formula of Pfaffl (2001) with two fungal α-tubulins and one β-tubulin and as reference transcripts.
Statistics: A single-step multiple comparison procedure, Tukey's test (JMP, Version 10, SAS Institute Inc., Cary, NC, USA), was performed to compare means. A probability of ≤ 0.05 was used as a statistical type-I error level. Test of homogeneity of variance was done by both the O'Brien test and the Brown-Forsythe test. When the homogeneity of variance assumption was not fulfilled, this was indicated in the figure together with the respective p values. PLS analysis was performed in Unscrambler (Camo, Menlo Park, CA, USA). The analysis is based on an improved version of the model given in van Riel et al. (2007) .
Results and discussion

Mass loss, wood moisture and FA content
The mean mass loss (ML) and wood MC after 2, 4, and 8 weeks of incubation are given in Table 2 . In W FA samples only 0.1% ML was recorded after 8 weeks. In the W samples, the MLs were much higher, i.e. 2.7, 11.9, and 26.1% after 2, 4, and 8 weeks, respectively. The MC was much lower in all W FA samples, reaching a mean of 21.0% after 8 weeks as compared to W samples, which reached a mean of 46.1% MC after 8 weeks. Hence, polymerised FA seems to be able to physically block, or delay, moisture access. This finding is in agreement with the well-established hypothesis that low MC is one of the factors explaining how W FA resist degradation by decay fungi. Microscopy-and gene-expression data show, however, that MC was adequate to support fungal colonisation when nutrient media was applied to support the fungal growth. Under these conditions, enzymatic activity was also apparent. Fungal colonisation and decay however, depend upon free water in the cell lumen. Even if modified wood can lower the fibre saturation point (FSP) it will "not affect the amount of free water in the lumens at a given EMC" (Verma and Mai 2010) . However, more knowledge is needed on the moisture distribution on cell wall scale in modified wood including the effects of moisture fluctuations and changes during different stages of decay.
The content of FA in W FA material after 4 and 8 weeks of fungal decay was calculated as a change relative to the FA at 2 weeks of incubation. For drill powder and fine 
SEM and X-ray microanalysis
Hyphae of P. placenta were observed in both W FA and W samples (Figure 1 ). Hyphal production increased in all samples over time, from 2 to 4 to 8 weeks of incubation. More hyphae were found in regions of the longitudinal (axial) resin canals ( Figure 1a and b) than in other cell types. Bosshard and Hug (1980) described the anastomoses of the resin canal system in three European conifers including P. sylvestris: "Intertwinements of axial ducts with rays initiate the formation of the radially oriented canal system". These cells and canals represent readily available routes for the fungus to access the wood. In the W FA , several types of hyphae with different morphological appearances were observed. Characteristically, the surfaces of the fungal hyphae were covered with crystals of different morphologies, varying from pointed, needleshaped types, to more flattened, quadratic (square), and grainy shaped structures. Smooth hyphae dimpled with small round structures were also found. The needle-shaped crystals were detected at all harvesting points of incubation, and were increasingly present after 4 and 8 weeks of incubation, but only in the W FA samples (Figure 1c, d and e) .
In the W samples, hyphae of P. placenta were observed at all harvesting points. The surfaces of these hyphae were smooth and absent of any type of crystals. The hyphae were present either as single threads, or in bundle-like mycelial structures (Figure 1f ). These hyphae were often covered with dot-shaped structures of similar appearance as seen in hyphae growing in W FA .
EDXμA (Figure 2 ) revealed the presence of Ca in the crystalline structures, especially in the large crystals (spectrum 1), and less Ca was seen on hyphae with small crystals (spectrum 2) and no significant Ca was detected in the hyphae without crystals (spectrum 3). The production of Ca-OX crystals of varying morphologies has been observed for multiple fungal species and their presence correlated with multiple environmental factors including carbon excess, phosphorous levels, pH, etc. (Sayer et al. 1995; Jarosz-Wilkołazka and Gadd 2003) .
Analysis of oxalic acid (OA) and oxalate (OX)
The data from the three different harvesting points indicate ( the same time period it was at 0.90 mg g -1 (2 weeks) and decreased to 0.03 mg g -1 (week 8). Water soluble OA followed a similar pattern, in the W FA samples increasing from 0.27 to 0.50 mg g -1 during the study whereas in the W samples water soluble OA production was 0.44 mg g Asterisks denote significant differences (P ≤ 0.05) between the prior sampling period ( * ), or both prior sampling periods ( ** ). There were always significantly different between W FA and W except for week 4 for acid soluble OA and OX. n = 6.
(week 2) and decreased to zero (week 8). The last observation could also be explained by the fact that sugar was used in the malt agar. The OA and OX data show an OX increment in W FA during incubation and a corresponding decrease in W, but the data cannot be explained by crystal formation in W FA alone. Many fungi, both brown-and white rot fungi can produce Ca-OX crystals that adhere to the hyphae (Connolly and Jellison 1995) and are located within the fungal sheath. It has been suggested that Ca-OX precipitation along the hyphae of fungi can be an intracellular, periplasmic, or intramural nucleation with subsequent exteriorisation of the growing crystals (Connolly and Jellison 1995) . The substrate pH modulation facilitates the activity of fungal extracellular enzymes that have pH optima below 5 (Punja et al. 1985) . According to Connolly et al. (1996) "the study of crystal production patterns and crystal morphologies could yield important information about the microenvironmental conditions in wood during biodegradation and the mechanisms by which wood decay fungi decompose lignocelluloses". Goodell et al. (1997b) demonstrated that when brown-rot fungi are exposed to other non-biocidal treatments that increase pH and inhibit fungal growth on wood, copious quantities of water-insoluble OX crystals are produced on the fungal hyphae and on the surface of the adjacent substrate. The authors proposed that in a relatively high pH wood-cement medium (Goodell et al. 1997b ) the fungi mount an aggressive effort to reduce the pH to levels where the chelatormediated Fenton system could be active (Xu and Goodell 2001; Arantes et al. 2012 ). In the current study, the pH values in W FA did not change significantly during the incubation period (pH 3.11±0.01 for non-decayed samples and 3.11±0.06 after 8 weeks). The pH of W was 4.77±0.03 in nondecayed samples and 3.19±0.13 after 8 weeks of incubation.
The shape of the rhomboidal shape of crystals identified in the W FA (Figure 2 ) in combination with the EDX indicated the presence of Ca-OX crystals. The unique elongated clusters of long crystals with square crosssections have not yet been described (to our knowledge) for P. placenta infected wood (Jarosz-Wilkołazka and Gadd 2003). The heavy production of this type of crystal can be interpreted as indirect evidence of the effort the fungi are expending to initiate pH change. However, the complete role of OX production in wood decay is not known exactly.
Gene expression
The three endogenous reference genes showed similar trends (data not shown) in expression with the strongest response caused by β-tubulin. Hence, this reference gene was considered best suited for statistical comparison and only β-tubulin results will be presented in the following. Figures 3-7 below shows the gene expression results for all target genes normalised against β-tubulin.
However, a direct comparison of the fungal gene expression in the two different materials is not straightforward. Several factors may additionally influence the results such as MC, incubation time, sugar content in the nutrient media, and ML. A time difference in decay severity will occur as W is decayed much faster than W FA . Therefore special attention is given to W FA,8w and W 2w because their colonisation levels were well comparable. Several of the target genes in the present study were also explored in studies of P. placenta by Martinez et al. (2009) and Vanden Wymelenberg et al. (2010) , and for brevity, these two publications will be referred to in the following as Ref. from two different materials is a challenge. From laboratory and field studies (Pilgård et al. 2010 ) approximately 60% recovery is expected from W FA vs. W. Also the recovery rate of nucleic acid from the wood substrate changes as a function of the degradation level with reduced recovery rates demonstrated at later degradation states.
The use of agar plates with malt medium may also affect fungal action within the wood samples. The sugars in the malt are known to inhibit production of some of the enzyme systems, and alternately, they could theoretically promote fungal growth on recalcitrant wood species. 
Genes involved in oxidative depolymerisation
During incubation Lac2 (Pp89382), MoPhe (Pp114245), MPOX1 (Pp44056) and AlOx1 (Ppl118723) were upregulated slightly in W FA,8w when compared to W 2w , the same harvesting point where initial ML was detected. The genes coding for oxidative enzymes in W FA tended to be expressed at a similar, or slightly higher level as compared to W. Expression of these genes never occurred at significantly lower levels in W FA vs. W (Figure 3) . Ringman et al. (2014b) found a trend for acetylated, DMDHEU-treated and thermally modified wood showing greater expression of oxidative enzymes in the modified woods vs. untreated wood.
Many brown-rot fungi secrete high levels of OX, which under some conditions will chelate Fe 3+ tightly. The brown-rot fungi regulate soluble OX production at microsites (Connolly et al. 1996) to promote cell wall depolymerisation when required, and inhibit it when nutrients are not needed (Arantes et al. 2012) . The higher pH of the wood cell wall promotes a phase transfer of iron from OX to certain hydroxyquinones (Goodell et al. 1997a; Arantes et al. 2012) .
Laccase-catalysed oxidation of lignin model substrates was already demonstrated (Ref. 1). The P. placenta results in the quoted work show that Ppl62097 and Ppl111314 are likely laccases sensu stricto (Hoegger et al. 2006 ). In the current study Lac1 (Ppl111314) gave similar results in W FA and W and no significant change during incubation (Figure 3 ). For Lac2 (Ppl89382) a minor upregulation was found in W FA during incubation, but the variance was not homogeneous and there was no significant difference in expression between W FA,2w and W 2w and W 4w . Therefore, the overall comparison of Lac2 is not conclusive.
Here, AlOx1 (Ppl118723) revealed slightly higher expression levels in W FA than in W. AlOx1 is similar to G. trabeum methanol oxidase (GenBank DQ835989), with > 85% amino acid identity over the full sequence length (Ref. 1). Previous immunolocalization studies implicated the G. trabeum alcohol oxidase as a potential source of H 2 O 2 (Daniel et al. 2007) It has been proposed that phenol oxidase enzymes, in addition to reducing toxic quinones in the fungal environment, are involved in the reduction of quinones in the chelator-mediated Fenton system (Goodell et al. 1997a; Arantes et al. 2012) as the oxidised chelators diffuse back to the cell lumen, and thereby perpetuate Fenton reactions.
Genes involved in enzymatic depolymerisation of polysaccharides
For βGlu1 (Ppl107557), βGlu2 (Ppl112501), GH5 (Ppl117690), and GH55 (Ppl105490) no significant difference was found between the three harvesting points for neither W FA nor W (Figure 4 ). For GH5 and Gamy the comparisons are only indicative due to non-homogenous variances. This study indicates that the endoglucanase (GH5) and the β-glucosidases (βGlu1, βGlu2) are down-regulated during growth in W FA compared to W. When comparing W FA,8w with W 2w the same three genes are down regulated.
Ref. 2 indicates that GH5 endoglucanase (Ppl117690) was highly expressed in aspen amended media, but did not exhibit significant transcript accumulation relative to glucose alone. In the same paper, a high constitutive expression was observed of GH 55 (Ppl105490) for both aspen wood and glucose medium. Family GH15 α-glycosidases are inverting enzymes, as first shown by Weil et al. (1954) . Glycoside hydrolases of this family are exo-acting enzymes that hydrolyse the non-reducing end residues of α-glucosides of non-cellulose polysaccharides. Ref. 2 describes that among the glycoside hydrolaseencoding genes only five were upregulated substantially in the medium amended with aspen, the rest of the glycoside hydrolase-encoding genes showed high expression levels both in media amended with glucose and aspen. Tang et al. (2013) found much greater change in GH5 expression levels than observed in the current study when they compared MCQ preservative treated wood with untreated wood. One explanation can be that gene expression was calculated differently, Tang et al. (2013) calculated expression of the three last harvesting points relative to the first harvesting point (MCQ day 25), and expression values were normalised against 18S rRNA. However, the difference in test design is expected to be the main reason for the differences, concerning wood protection systems, wood species, test fungus, and incubation times. The magnitude of difference in expression level can be interpreted that copper protection may have a much more active and direct effect on the fungus and thus induce greater transcriptional effects than W FA .
Interestingly, Tang et al. (2013) noticed that when MCQ lost its effectiveness, a number of genes were upregulated, including genes related to degradation of cellulose, hemicelluloses, and pectin. That the carbohydrate degrading machinery is upregulated only when the level of protection was reduced indicate some important similarities with the system in the present study. W FA appears to downregulate some of the P. placenta genes involved in enzymatic depolymerisation of polysaccharides during initial decay (W FA still protected), while the oxidative machinery tend to be slightly upregulated. In the current study the aim was to look at the initiation of decay. Hence, a potential change in regulation at more advanced stages of decay of FA protected samples was not monitored, but should be investigated further in another study.
The putatively exo-acting GH15 glucoamylase (Gamy) that can depolymerise starch but not cellulose tended to be slightly upregulated in W FA vs. W. The reduced expression of glucoamylase in W possibly reflects the rapid depletion of starch present in the wood after colonisation. It should be noted that the comparison of means for Gamy is hampered with slightly non-homogenous variance (P = 0.04). Ringman et al. (2014b) found that for the genes involved in enzymatic degradation (endoglucanase and β-glucosidase), the levels of expression in acetylated, DMDHEU-treated and thermally modified wood were equal to or lower than those in untreated wood.
These results indicate that depolymerisation of polysaccharides by endoglucanase and β-glucosidases may be impaired and may contribute to the lack of decay and ML in W FA samples during the first 8 weeks of incubation in laboratory exposed samples. Hence, supporting Ringman et al. (2014b) , there are indications of a possible shift toward slightly increased expression, or at least no down regulation, of genes related to oxidative metabolism and concomitant reduction of the genes related to breakdown of polysaccharides in W FA vs. W. If such a shift exists, it can be interpreted in several ways. It could be an attempt to increase the number of enzymes needed to facilitate breakdown of the modification in order to access the cellulosic source for metabolism. Alternatively, an increase could reflect a stress response brought upon by the modification, lack of access to nutrients or be a combination of all the above mentioned possibilities. However, the growth conditions in this research are atypical relative to those in the natural substrate, and the small differences between gene expression in W and W FA samples complicates the interpretation of the results.
Genes involved in iron reduction and homeostasis
The three genes, Pal (Ppl112824), QuiT (Ppl44553), and GlyP (Ppl128974) showed no significant variation during incubation for W FA and W ( Figure 5 ) except for down regulation of both W FA,4w and W 4w for GlyP. No significant differences were found between W FA,8w and W 2w .
Ref. 1 suggest that the upregulation they found in case of phenylalanine ammonia lyase (Ppl112824) and a putative quinate transporter (Ppl 44553) might be because of their roles in biosynthesis and transport of essential quinones, respectively. In the present study, no obvious difference were found in regulation between W FA vs. W for these two genes. In Ref. 2 is stated that "the biosynthesis of hydroquinones, such a 2,5-dimethoxy-1,4-benzoquinone, has not been experimentally established in P. placenta but likely involves conversions of aromatic amino acids" and Goodell et al. (1997a) have proposed that they are derived similarly to known catecholate siderophores produced by fungi via secondary metabolism pathways. Phenylalanine ammonium lyase (Ppl112824) expression from P. placenta was upregulated when the medium was amended with aspen (Ref. 2). In Ref. 1, the gene encoding Ppl128974 was significantly upregulated on microcrystalline cellulose medium.
Genes involved in cytochrome P450 monooxygenases
For P450-1 (Ppl130132), P450D (Ppl128850), and EP450 (Ppl110015) there were no changes in gene expression during incubation and generally no differences between W FA and W (Figure 6 ). In Ref. 1, genes encoding Ppl110015 and Ppl128850 were significantly upregulated in cellulose medium. The former is highly conserved in fungi and thought to catalyse benzoate hydroxylation.
Genes linked to oxalic acid (OA)
The general trend was a rather stable gene expression during incubation for both substrates and slightly lower gene expression in W FA than in W (Figure 7) . Four of the five genes (CyOx, GlyD1, GlyD2, ForD and OxAH) had significantly lower gene expression in W FA,8w than W 2w but none of the expression differences observed were large.
It is likely that the increase in OX crystal formation on the surface of hyphae attacking W FA is either related to increased efflux of OX or that post translational aspects, such as activation of the enzymes involved in its production, are more important than their transcription level. Our work did not measure expression of additional potentially relevant enzymes involved in OX synthesis, destruction or the interface of the TCA and glyoxylate cycles. Other explanations could be that a lack of moisture and/or relatively high metal ion concentration in the wood limits the diffusion of OX away from the hyphae and/or variation in the ratio of soluble OX vs. insoluble OX over time.
pH
According to Kebony (Stig Lande personal communication), the pH value of W FA powder in water is in the range of 3.9-4.3 depending on the specific product and sampling method. In the current study, the pH for W FA was 3.11±0.01 for nondecayed samples and 3.11±0.06 for W FA, 8w . Hence, the pH was stable during incubation. Among characteristics of brownrot are release of OA and lowering of the local pH, often to about pH 2 (Hyde and Wood 1997) . The pH of the microenvironment immediately around the fungus is low, but the wood cell wall is highly buffered and typically remains at about pH 5.5. As Fe-OX complexes move into the wood cell wall, iron can be sequestered from OX in a phase transfer type reaction. Once iron is chelated by hydroxyquinone chelators produced by the fungus, but within the wood cell wall, the iron is immediately reduced and hydroxyl radicals can be generated in a chelator-mediated Fenton reaction (Goodell et al. 1997a; Arantes et al. 2012) . This mechanism permits generation of hydroxyl radicals within the wood cell wall, limiting generation of these radicals near the fungal hyphae as it would be destructive to the fungus. It is possible that FA treatment interferes in this manner so that a micro pH differential develops, and this may be one reason why the FA treatment is effective. However, more detailed micro pH determinations are needed in this regard.
Conclusions
Study of early P. placenta colonisation and decay in W FA and W during 8 weeks of incubation revealed that: -Elongated clusters of long crystals, square in crosssection, were formed abundantly on the P. placenta hypha during colonisation of W FA . EDX and morphological appearance indicate that these are consistent Ca-OX crystals. This type of crystal was not observed during colonisation of W. -There were indications of a possible shift toward increased, or at least no down regulation of the gene expression related to oxidative metabolism and concomitant reduction of expression of some of the genes related to breakdown of polysaccharides in W FA compared to W. Also for some of the genes involved with OA processes there was a slight down regulation in W FA compared to W. -Selected cytochrome P450 monooxygenases and genes involved in iron reduction and homeostasis did not vary much during incubation or between W FA and W.
